Abstract. Pancreatic ductal adenocarcinoma (PDAC) is the most common type of malignant pancreatic tumor. MicroRNAs (miRNAs) are a group of small, non-protein coding, endogenous RNAs that play critical roles in tumorigenesis and progression of PDAC. In the present study, we demonstrated that miR-448 expression was downregulated in PDAC tissues and cell lines. Clinical association analysis indicated that low expression of miR-448 was associated with poor prognostic features and conferred a significant reduced survival of PDAC patients. Overexpression of miR-448 suppressed PDAC cell migration and invasion, while its loss showed the opposite effects on these cellular processes. In vivo experiments revealed that miR-488 restoration prohibited liver metastasis of PDAC in nude mice. Moreover, we found that Janus kinase 1 (JAK1) was a direct target gene of miR-448 in PDAC cells. We further demonstrated that the expression of JAK1 mRNA was upregulated in PDAC tissues. Notably, the expression of JAK1 mRNA was inversely correlated with the level of miR-448 in PDAC tissues. In addition, JAK1 knockdown showed similar effects of miR-448 on the metastasis of PDAC cells. JAK1/STAT3 pathway may be involved in the function of miR-448 in PDAC cells. Taken together, these findings suggest that miR-448 functions as a tumor suppressor in the development of PDAC through targeting the JAK1/STAT3 pathway.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the most common type of the malignant pancreatic tumor and one of the most deadly cancers worldwide (1) . Despite recent therapeutic advancements, the 5-year survival rate of PDAC is unacceptably low (2) . This poor outcome is related to a lack of efficient therapeutic tools and early diagnostic markers (3) . Local and distant metastasis are the main causes for poor prognosis of PDAC patients. Several signaling pathways are implicated in metastasis of PDAC, such JAK-STAT3 and Notch signaling pathways (4) (5) (6) . However, the mechanisms underlying metastasis of PDAC is still poorly investigated. Thus, it is imperative to disclose accurate molecular mechanisms for metastasis of PDAC.
MicroRNAs (miRNAs) are a group of small, nonprotein coding, endogenous and single-stranded RNAs that negatively regulate target mRNA to either translational or mRNA degradation (7) (8) (9) (10) (11) (12) . Emerging evidence has shown that miRNAs play pivotal roles in cellular functions, such as apoptosis, proliferation, motility and differentiation (13) (14) (15) (16) (17) . Aberrant miRNA expression is found in various cancers including gastric, breast cancer, glioma, hepatocellular carcinoma, ovarian carcinoma, osteosarcoma and PDAC (7, (18) (19) (20) (21) (22) (23) . Previous studies showed that miR-448 acted as a tumor suppressor in various tumors, such as colorectal cancer, oral squamous cell carcinoma, gastric, breast, ovarian cancer and hepatocellular carcinoma (24) (25) (26) (27) (28) (29) . For example, Li et al (27) showed that the expression of miR-448 was downregulated in colorectal cancer cell lines and tissues. Overexpression of miR-448 inhibited colorectal cancer cell colony formation, proliferation, invasion and migration through regulating the insulin-like growth factor 1 receptor (IGF1R) (27) . Moreover, Wu et al (26) demonstrated that miR-448 expression was downregulated in gastric cancer tissues and cell lines. Elevated expression of miR-448 inhibited gastric cancer cell colony formation, proliferation and invasion by inhibiting the ADAM10 (26) . In addition, Lv et al (24) demonstrated that miR-448 was underexpressed in ovarian cancer cell lines and tissues, and that the overexpression of miR-448 suppressed ovarian cancer cell migration, invasion and proliferation by regulating CXCL12 expression. Zhu et al (29) found that miR-448 expression was downregulated in hepatocellular carcinoma tissues and the inhibition of miR-448 increased hepatocellular carcinoma cell invasion through targeting the ROCK2. Thus, there is a continued need to understand the In the present study, we focused on the expression and functional role of miR-448 in PDAC. We demonstrated that miR-448 expression was downregulated in PDAC tissues and cell lines. Overexpression of miR-448 suppressed PDAC cell migration and invasion. We also studied the functional mechanism of miR-448 in PDAC.
Materials and methods
Human tissue samples, cell culture and transfection. The PDAC tissues and their related normal tissues were obtained from 80 PDAC patients in Renmin Hospital. Pathology faculty performed a gross analysis of the specimen and selected cancerous appearing pancreatic tissue and normal appearing pancreatic tissue for research. The present study was approved by the ethics committee and the institutional review board of Hubei university of Medicine, and written informed consent was obtained from all patients. A normal human pancreatic duct epithelial cell line (HPDE6-C7) and five PDAC cell lines (PANC-1, MIAPaCa-2, BxPC-3, AsPC-1 and PL45) were purchased from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in the Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in a humidified containing of 5% CO 2 incubator at 37˚C. miR-448 mimic/inhibitor and scrambled mimic/inhibitor, JAK1 siRNA and control siRNA, JAK1 vector were purchased from GeneCopoeia (Guangzhou, China). Cells were transfected using the Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA, uSA) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (qRT-PCR).
Total RNA from the PDAC tissues and cells was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Reverse transcription reactions were performed with the Transcriptional First Strand cDNA Synthesis kit (Applied Biosystems, Foster City, CA, uSA). qRT-PCR assays were performed on an ABI 7900 system (Applied Biosystems) to determine the expression level of miR-448 and JAK1. The following primers were used: miR-448 forward, 5'-TTA TTG CGA TGT GTT CCT TAT G-3' and reverse, 5'-ATG CAT GCC ACG GGC ATA TAC ACT-3'. JAK1 forward, 5'-GTC TTA GAC CCC AGC CAC AG-3' and reverse, 5'-CCC CTT CCA CAA ACT CTT CC-3'. u6 small nuclear RNA and GAPDH were used for normalization. The relative expression of mRNA or miRNA was measured using the 2 -∆∆CT method.
Western blot analysis. Cells were extracted from cells or tissues using protein extraction buffer and quantified with a BCA protein assay kit (Pierce, Bonn, Germany). Equal protein was separated by 10% SDS-PAGE and was transferred to the PVDF membrane (Millipore, Bedford, MD, uSA Migration and invasion assay. PDAC cells that were transfected with corresponding vectors were seeded in 6-well plates to form the single confluent cell layer. The wounds were made with 100-µ tips in the confluent cell layer. After would scratching (0 and 24 h), the width of wound was photographed with phase-contrast microscope. To assess cell invasion, Matrigel (BD Biosciences, Franklin Lakes, NJ, uSA) was coated onto the Transwell upper chamber of the well and cells were cultured on the upper chamber. Serum was added to the lower chamber, and the invasive cells were fixed with methanol and stained with crystal violet.
Experimental mouse model. Liver metastasis assay in nude mice using the model of subcapsular splenic injection in which the BxPC-3 cells were injected to the spleen subcapsular. Nine weeks after splenic injection, all mice were euthanized and the livers were obtained. Furthermore, analysis of micrometastasis was assessed on the left laterallobe of the liver, that was fixed and paraffin-embedded, sectioned and stained for H&E (30) . The protocol for these animal experiments were approved by the Ethics Review Committee of Hubei university of Medicine.
Immunohistochemistry (IHC).
The tissues that were previously formalin-fixed and paraffin-embedded were sliced into 4-µm sections and underwent deparaffination and then rehydration. Antigen retrieval, suppression of endogenous peroxidase activity and 10% skim milk blocking were performed before primary antibody incubation. JAK1 (Cell Signaling Technology) antibody was used as a primary antibody overnight at 4˚C. The slides were subsequently incubated with peroxidase conjugated secondary antibody (ZSGB BIO, Beijing, China) for 90 min and a peroxidase-labeled polymer, DAB solution was used for signal development for 5 min. The sections were counterstained with hematoxylin followed by dehydrating and mounting.
Statistical analysis.
Results are shown as the mean ± SEM and analyzed by GraphPad Prism 5 software (GraphPad Software, Inc., San Diego, CA, uSA). The statistical difference between two groups was determined by the Student's t-test and Chi-squared test, and the difference between more than two groups was assessed by the one-way ANOVA. Survival analysis was performed using Kaplan-Meier's method and log-rank test. Correlation analysis was analyzed by Spearman's rank correlation test. P<0.05 was considered statistically significant.
Results

Clinical significance of miR-448 expression in PDAC.
We first determined the expression of miR-448 in PDAC tissues. The levels of miR-448 in the PDAC tissues were lower than those in the related normal tissues (P<0.01; Fig. 1A ). Furthermore, underexpression of miR-448 was observed in PDAC cell lines (PANC-1, MIAPaCa-2, BxPC-3, AsPC-1 and PL45) compared to HPDE6-C7 cells (P<0.05; Fig. 1B) . Clinical association analysis indicated that PDAC patients with miR-448 low expression showed more lymph node metastasis, neural invasion, tumor recurrence and advanced tumor stage (P<0.05, respectively, Table I ). In addition, miR-448 low expressing PDAC patients had a significant reduced overall survival and recurrence-free survival (P<0.05, respectively, Fig. 1C and D) .
Thus, miR-448 expression potentially functions as a prognostic marker in PDAC.
miR-448 regulates PDAC cell migration and invasion.
Next, miR-448 expression was significantly upregulated in BxPC-3 cells after treatment with miR-448 mimic (P<0.05; Fig. 2A ). Elevated expression of miR-448 suppressed BxPC-3 cell migration and invasion (P<0.05; Fig. 2B and C) . Moreover, miR-448 was silenced by miR-448 inhibitor in AsPC-1 cells (P<0.05; Fig. 2D ). miR-448 loss facilitated migration and invasion in AsPC-1 cells (P<0.05; Fig. 2E and F) . In addition, liver metastasis experiments showed that miR-448 restoration notably reduced the number of metastatic nodules in the livers of nude mice (P<0.05; Fig. 3 ). Altogether, our data reveal that miR-448 prominently prohibits PDAC cell metastasis in vitro and in vivo.
miR-448 expression ----------------------------
JAK1 is a direct target gene of miR-448 in PDAC cells.
We found the potential molecular target of miR-448 in the TargetScan database, among which the potential putative gene encoding JAK1 harbored a miR-448 binding site (Fig. 4A) . Overexpression of miR-448 caused a decline in the luciferase activity when this reporter gene included wt JAK1 3'uTR in the BxPC-3 cells (P<0.05; Fig. 4A ). While, miR-448 overexpression showed no significant effect on the luciferase activity of mt JAK1 3'uTR (Fig. 4A) . Furthermore, miR-448 negatively regulated JAK1 abundance in PDAC cells (Fig. 4B) . qRT-PCR data revealed that the levels of JAK1 mRNA in PDAC tissues were notably reduced as compared with matched noncancerous tissues (P<0.01; Fig. 4C ). An inverse correlation between miR-448 and JAK1 mRNA expression was observed in PDAC tissues (r=-0.885, P<0.01; Fig. 4D ). Representative IHC data showed that miR-448 high expressing PDAC tissue showed weak staining of JAK1, while strong staining of JAK1 was observed in miR-448 low expressing case (Fig. 5) . Thus, JAK1 is recognized as a direct downstream target of miR-448 in PDAC. in BxPC-3 cells (P<0.05; Fig. 6B and C) . JAK1 is reported to be an upstream regulator of STAT3 (31) . Next, we found that miR-448 overexpression reduced the levels of JAK1 and phosphorylated STAT3 in BxPC-3 cells (Fig. 7) . While, JAK1 restoration promoted the phosphorylation of STAT3 (Fig. 7) . Thus, miR-448 exerts its anti-metastatic effect probably by targeting JAK1/STAT3 pathway in PDAC.
Discussion miR-448 plays a tumor suppressive role in human cancers, its downregulation contributes to poor clinical outcome and cellular malignant phenotypes (24) (25) (26) (27) (28) (29) . However, the expression level and functional role of miR-448 in the PDAC were previously unknown. In the present study, we first measured the expression of miR-448 in PDAC tissues. Our results showed that the levels of miR-448 were lower in the PDAC tissues compared to those in the related normal tissues. Moreover, we demonstrated that the expressions of miR-448 was downregulated in PDAC cell lines. miR-448 low expression conferred malignant clinical features and reduced survival in PDAC patients. Furthermore, we demonstrated that overexpression of miR-448 suppressed PDAC cell migration and invasion in vitro and in vivo. These data suggest that miR-448 acts as a tumor suppressor in the development of PDAC.
It is important to find the target gene to understand the molecular mechanism by which miRNA suppresses or promotes oncogenesis. In this study, we identified that JAK1 was a direct target gene of miR-448 in PDAC cells. JAK1 is a member of the JAK family of protein tyrosine kinases, which performs diverse functional roles in carcinogenesis (32) . Previous studies suggested that JAK1 acted as an oncogene in human hepatocellular carcinoma (33) , lung (34), PDAC (5) and colorectal cancer (35) . Moreover, Yuan et al (33) demonstrated that miR-340 expression was downregulated in hepatocellular carcinoma tissues, and miR-340 restoration suppressed cancer cell proliferation and invasion through repressing JAK1 expression. Therefore, it is valuable to study the molecular mechanism underlying the role of JAK1 overexpression in the development of PDAC. Our results demonstrated that overexpression of miR-448 caused a decline in luciferase activity when this reporter gene included the JAK1 3'uTR in PDAC cells. miR-448 negatively regulated the expression of JAK1 in PDAC cells. We demonstrated that JAK1 mRNA expression was upregulated in PDAC tissues. Interestingly, the expression of JAK1 mRNA was inversely correlated with miR-448 in PDAC tissues. Furthermore, we demonstrated that miR-448 suppressed PDAC cell migration and invasion by regulating JAK1/STAT3 pathway.
In conclusion, we demonstrated that the expression level of miR-448 was downregulated in PDAC tissues and cell lines. miR-448 suppressed PDAC cell migration and invasion probably by inhibiting JAK1/STAT3 pathway. These findings suggest that miR-448 potentially serves as a tumor suppressor in the development of PDAC through targeting JAK1/STAT3 pathway.
